Deterministic multi-mode photonic device for quantum information processing 
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We propose the implementation of a light source, which can deterministically generate a rich 
variety of multi-mode quantum states. The desired states are encoded in the collective population 
of different ground hyperfine states of an atomic ensemble and converted to multi-mode photonic 
states by excitation to optically excited levels followed by cooperative spontaneous emission. Among 
our examples of applications, we demonstrate how two-photon entangled states can be prepared 
and implemented in a protocol for reference frame free quantum key distribution and how one- 
dimensional as well as higher-dimensional cluster states can be produced. 



I. INTRODUCTION 

Quantum states of light are ef&cient carriers of quan- 
tum information with applications in quantum com- 
puting, quantum cryptography, and quantum networks. 
Their most serious drawback is the absence of suitable 
non-linear interactions which can produce and transform 
the desired states. Measurement back action presents 
one means to accommodate the required non-linearities 
and paves the way for universal quantum computing with 
the tools of linear optics jbut certain resource states such 
as single-photon states [i| or superpositions of coherent 
states are required, while even more involved states, 
such as cluster states are needed to perform suc- 
cessfully with high probability. An efficient method to 
prepare general quantum states of light deterministically 
would constitute a significant step forward for optical 
quantum information processing. 

There are a number of different strategies to produce 
non-classical states of light. Squeezed states and multi- 
mode states with quantum correlated amplitudes can be 
produced directly by optical parametric oscillators and 
beam splitters, while these states can be further trans- 
formed into states with non-Gaussian arnplitude distri- 
butions by conditional measurements [^-l6|. The prob- 
abilistic nature of the schemes, however, limits the va- 
riety of states that can be produced by this method. 
Another successful approach uses laser excitation of an 
atomic ensemble with all atoms in the same single atom 
state and detection of a spontaneously emitted photon to 
conditionally prepare a superposition state with different 
atoms populating the final state of the spontaneous emis- 
sion process. The atomic state is generated at a random 
instant and the ensemble is then ready to determinis- 
tically emit a single photon at the moment when the 
experimentalist couples the singly occupied state to an 
optically excited state . 

In the present paper, we propose a source, which is 
capable of producing a large variety of quantum states 
of light. We focus on coding of quantum bits for quan- 
tum computing and communication, and we use multiple 
spatial and temporal modes to provide multi-bit registers 
with different entangled states. The basic idea is to pre- 
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FIG. 1: (Color online) (a) Step-wise transfer of a quantum 
state encoded in a cold atomic ensemble to light. The initial 
state of the ensemble is an arbitrary superposition of states 
with zero or one atom in the single-atom levels |1) to |5), and 
during the conversion process, occupation by one atom trans- 
lates into a single photon in a corresponding spatio-temporal 
light mode. For the case illustrated, the states |1), |2), |4), and 
j5) are occupied initially, (b) Preparation of the atomic state. 
The excitation from |0) to a Rydberg state |r) is off-resonant 
if more than a single atom is excited, and a collectively dis- 
tributed single excitation can be subsequently transferred to a 
unit atomic population of the single-atom ground state level 
(c) The feeding of state \j} by the attempted transfer 
0) — >■ |r) — >■ \j) can also be made conditional on the popula- 
tion of another state \ if that state is excited to a Rydberg 
state |r') interacting with |r). 



pare the equivalent state in an ensemble of cold atoms 
and, in a step-wise process, convert the atomic state to 
a quantum state of light. Fig. [Ija), as proposed for two- 
mode states in 1C| . To avoid the requirement of individ- 
ual addressing of the atoms and to facilitate the efficient 
conversion to light, we encode the quantum state in the 
collective populations ^of_ different internal states of the 
atoms as proposed in 



The transfer of precisely one 



atom in the ensemble to an initially unoccupied internal 
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state is carried out via intermediate excitation of a Ryd- 
berg excited state and makes use of the so-called Rydberg 
blockade mechanism • It is thus possible to ini- 

tialize the ensemble with all atoms populating a definite 
internal "reservoir" state, denoted |0) in the following, 
and to subsequently encode, in principle, any quantum 
superposition states of an iV-bit register based on TV dif- 
ferent internal states, labeled |2), . . . , |A^), with each 
qubit value set to zero if the state is unpopulated, and 
to unity, if the corresponding state is populated by pre- 
cisely one atom. This is ensured by the universality of 
the collective quantum computing proposal with Ryd- 
berg blockade Here, however, we also have the free- 
dom to process the state of the atomic ensemble between 
light emission events. We can thus reuse the atomic lev- 
els and generate entangled light states with more than 
iV qubits. Our current task with the Rydberg blocked 
ensemble is a more dedicated one than quantum com- 
puting, and rather than appeal to universality, we will 
describe explicit schemes which in few, efficient steps use 
the Rydberg interaction, the physical properties of the in- 
ternal atomic level structure, and the collective emission 
properties of the ensemble to provide the optical states 
of interest. 



II. STATE PREPARATION AND EMISSION 

The Rydberg blockade mechanism [ll] utilizes the 
large dipole-dipole interaction between atoms in certain 
Rydberg states that are not separated by more than 
about 10 /um. Due to this interaction, states with two or 
more atoms in Rydberg excited states have energies that 
are significantly different from the sum of the single atom 
excitation energies, and therefore resonant excitation of a 
few /im sized ensemble from the reservoir ground atomic 
state will coherently drive the system towards the state 
with a single coherently distributed Rydberg excitation 
in the ensemble. The Rabi frequency for this transition 
is collectively enhanced by the factor -y/X, where K is 
the number of atoms. This enhancement and the block- 
ing of further excitation has been seen for a pair of atoms 
{K = 2) [11, [isj , and blocking and enhanced coupling has 
also been observed in larger samples of atoms [1^1 ■ Af- 
ter a TT pulse on the coherent transition, there is a single 
ensemble Rydberg excitation and one can subsequently 
drive this collectively shared population into a low ly- 
ing state. Fig. Hfb). To provide the coupling in a fully 
selective manner between the desired internal states, we 
suggest to use polarization selection rules and the optical 
frequency resolution of different Zeeman ground states of 
the atoms in a homogeneous magnetic field switched on 
during state selective processes. 

In the following, the ket \n1n2 . . . n^v) denotes a state 
with Uj € {0,1} atoms in the single-atom state 
j — 1, 2, . . . , A^, and the remaining atoms in the reser- 
voir state |0). In writing this state, phase factors arising 
due to the different positions of the atoms within the 



laser traveling wave fields are taken into account. The 
state |10...0), for instance, with one atom in |1) and 
zero atoms in |2) to \N) is 

|10 . . . 0) = ^ |0)i|0)2 • • • |1), • • • |0)^, (1) 



where K ^ N is the number of atoms in the ensemble, 
\j)k means that the fcth atom is in the internal state 
Vj is the position of the jth atom, and kp is the resulting 
wave vector of the light pulses used to bring the ensemble 
to the above state, i.e., ko = ^j^n^k^, where is the 
wave vector of the ith laser pulse and drii is 1 if a photon 
is absorbed and —1 if a photon is emitted during the ith 
pulse. 

If we apply a 7r-pulse with wave vector kg to transfer 
the atom in the state |1) to the optically excited state |e), 
the amplitude for emission of a photon with wave vector 
k and polarization et when the atom decays to the state 
|0) is proportional to i^"^/^ Ej^i (0|ek ■ d|e)e'('^o-'') '-^ 
where d is the dipole operator and kg = kg -f kg. The 
transition probability P(k) is thus proportional to 



P(k) cx 



K 

^g*(ki-k).r. 



(2) 



The factor 1/K suppresses emission in all directions ex- 
cept k « kg, for which the sum is approximately K and 
P(k) cx K. c|k| must also equal the atomic excitation 
frequency. The factor 1/i^ is replaced by l/K"^ if the 
atom decays to a different hyperfine level, and such tran- 
sitions are thus also suppressed. With an ensemble of 
about 1000 atoms it is possible both to satisfy the re- 
quirement of all atoms being at most 10 fim apart, while 
the ensemble is still large enough to ensure directional 
emission of the photon [TtI . [isj . A detailed analysis of 
light emission from various arrangements of atoms can 
be found in [10, 19]. To map a general superposition of 
the states \n1n2 ■ ■ - riN) to N temporally distinct light 
pulses, we simply transfer one internal state population 
after the other to the optically excited state as illustrated 
schematically for iV = 5 in Fig. [TJa), and we can even 
renew the populations of the atomic states during the 
conversion process if desired. 



III. GHZ AND BELL STATES 

We now turn to a description of explicit 
schemes to generate particular quantum states 
of hght. We start with the M-mode GHZ state 
(|+)i|+>2 . . . |+)a./ + |-)i|-)2 . . . Hm) /V2, where 
I + /— )m denotes a single/zero-photon state in the mth 
mode. To prepare this state, we first apply a 7r/2-pulse 
between |0) and a Rydberg level |r') followed by a 
TT-pulse between |r') and the ground state level 
which leads to a superposition of having zero and one 
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FIG. 2: (Color online) Generation of the photonic Bell state 
(|-R)i|L)2 — \L)i\R)2)/\/2 from the collective atomic state 
(jlOlO) - |0101))/V2 (the first term is indicated with circles, 
and the second with crosses), (a) A light pulse transfers the 
populations in |2) and |3) to the excited states \eL) and |e_R), 
respectively, and the subsequent atomic decay to the state 
|0) leads to emission of the first photon, which is L-polarized 
if lei) is populated and ii-polarized if \eR) is populated, (b) 
The second photon is similarly obtained via spontaneous emis- 
sion after transfer of the populations in the states |1) and |4) 
to the excited states. 



FIG. 3: (Color online) Generation of a one-dimensional clus- 
ter state. Initially, one atom is moved to |3). (a) In each 
iteration step, a 7r/2-pulse is applied to the (Raman) transi- 
tion between |2) and |3). An atom is then moved from |0) 
to |1) if and only if |3) is unoccupied, and an atom is moved 
from |0) to |4) if and only if |2) is unoccupied. (Note that 
the sum of the populations in |2) and |3) is always one atom.) 
(b) The populations in |1) and |4) are transferred to let) and 
|ej{), respectively, which leads to emission of a photon, and 
the process is repeated. The bonds between the emitted pho- 
tons illustrate the cluster state entanglement, and the graph 
representing the state is shown below the photons. 



atom in A train of entangled pulses, all containing 
either zero or one photon, can then be emitted by 
conditional feeding of the state as shown in Fig.[ljc). 
After M — 1 emissions, we apply a 7r-pulse between 
and |r'), a 7r-pulse between \r') and |0), and a 7r-pulse 
between and |r'), which coherently changes the 
population in between zero and one. The last mode 
is then released by transferring the population in \ to 
an excited state. 

The maximally entangled two- mode Bell state j^*-) = 
(|i?)i|L)2 - |L)i|i?)2)/V2, where R and L denote right 
and left polarized photons, respectively, can be pre- 
pared, if we first prepare the atoms in the collective state 
l^-!.') = (|1010) - |0101))/V2, making use of the five hy- 
perfine states in Fig.[5J This is done as follows: i) Trans- 
fer one atom from |0) to |2) via a Rydberg level, ii) Use a 
Raman transition between |2) and |3) to obtain the trans- 
formation |0100) (|0010) - |0100))/\/2. in) Move an 
atom from |0) to |4) if and only if |3) is unoccupied, and 
an atom from |0) to |1) if and only if |2) is unoccupied 
using the conditional method in Fig. [IJc). The optical 
release of the state is then achieved as explained 

in Fig. [21 If the light pulses are released by spontaneous 
Raman transitions in the atoms, the temporal shape of 
the emitted photon pulse can be controlled by the cou- 
pling laser amplitude. Conversely, incident light pulses 
with a known temporal shape can be transferred via Ra- 
man processes to collective atomic population in different 
states. By subsequent application of Rydberg quantum 
gates, the state can be processed and analyzed, and the 
ensemble can thus, for example, be used to distinguish 
between all four polarization or photon number encoded 
Bell states. 

As a specific application of the two-mode optical Bell 
state, we implement the double trine scheme for quantum 
key distribution, proposed recently by Tabia and Englert 
[20| . This scheme has the appealing features that the 
users of the communication channel, Alice and Bob, do 
not need to share a common reference frame and it is 



possible to extract 0.573 key bits per trine state which is 
close the the theoretical maximum. The scheme applies 
a sequence of groups of three photons with orthogonal 
polarizations R and L. The groups are chosen at ran- 
dom among three mixed quantum states pi, i = 1,2,3, 
each being a direct product of a completely mixed state 
{\R}{R\ + \L){L\)/2 of the ith photon and a pure Bell 
state {\R)\L)- \L)\R))/y/2 of the other two photons. To 
produce such a state, we prepare the atomic state 
and interweave its conversion to light with the emission 
of a mixed polarization state of a single photon. The 
mixed state {\R){R\ -I- |L)(L|)/2 can be generated by us- 
ing a classical random decision to determine whether an 
atom is moved from |0) to |ei) or from |0) to |efl) via 
a Rydberg level. The subsequent decay back to |0) then 
produces the photon with the apparent random polariza- 
tion. Note that the emission of the randomly polarized 
photon may occur independently of the state of the levels 
|1), |2), |3), and |4), and the three photons can thus be 
emitted in any order, which allows Alice to prepare any 
of the states pi. The detection by Bob consists simply in 
measuring the polarization of the individual photons in 
any basis and does not require any further complicated 
processing of the states. 



IV. CLUSTER STATES 

Recently, Lindner and Rudolph proposed to use a 
quantum dot to prepare one-dimensional cluster states 
of photons 111], [24I . Following their approach, such clus- 
ter states can be produced as shown in Fig. [3] Starting 
with all atoms in |0), the initialization consists in mov- 
ing one atom to the state |3) via a Rydberg level. We 
then use a Raman transition to apply a 7r/2 pulse be- 
tween 1 2) and |3). Using the controlled feeding of atomic 
states shown in Fig. [Ijc), we can apply the transforma- 
tions 10100) |1100) and |0010) ^ |0011) and subse- 
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by weaving more one-dimensional cluster states together, 
and one can also form tubes and three-dimensional struc- 
tures. In reality, the finite number of internal states of 
the atoms restricts the possibilities, and to comply with 
this, we suggest to emit the light pulses from a one- or 
two-dimensional array of individually addressable ensem- 
bles with separations that are small enough to allow long 
distance Rydberg phase gates ^] between nearest neigh- 
bor ensembles. 



FIG. 4: (Color online) Generation of a two-dimensional clus- 
ter state. Initially, one atom is moved to |3), and one atom 
is moved to |7). (a) In each iteration step, a 7r/2-pulse is ap- 
plied to the transition between |2) and |3) (pulse 1) and to 
the transition between |6) and |7) (pulse 2). The vr- pulses 3-6 
then change the phase of the state by n unless |3) and |7) are 
both unoccupied. Atoms are moved from |0) to j4), |5), 
and |8) conditioned on |3), |2), |7), and |6) being unoccupied, 
respectively, and photons are emitted by transferring first the 
populations in |1) and |4) and subsequently the populations 
in 1 5) and |8) to |ei) and |eij). (b) The first 8 emitted photons 
and (c) the corresponding graph. 



quently transfer the populations in |1) and |4) to je^) 
and |efl), respectively. After emission of a photon thus 
entangled with the atomic population remaining in states 

1 2) and |3), one applies again a 7r/2-pulse between |2) and 

1 3) followed by a new Rydberg controlled feeding of the 
populations in |1) and |4) and emission of the next pho- 
ton. This procedure is iterated and one gradually builds 
up a one-dimensional cluster state of light pulses. After 
the desired number of iterations, the cluster is decoupled 
from the atomic state by measuring the state of the last 
emitted photon in the basis {\L), \R)}. 

The behavior of one-dimensional cluster states can be 
efficiently simulated on a classical computer, and they 
are hence not useful resource states for cluster state 
quantum computing [23[. Our method can, however, 



be generalized to higher-dimensional cluster states by in- 
volving more internal levels of the atoms. To generate, 
for instance, the two-dimensional cluster state shown in 
Fig.S^c), we can use eight hyperfine states to prepare two 
one-dimensional cluster states in parallel and then add a 
controlled phase gate in each iteration step to obtain the 
bonds between them. The details of the processing of 
the state of the ensemble between each emission of pho- 
tons are shown in Fig. SJ^a), and the emission follows the 
same procedure as for the one-dimensional cluster state. 
The cluster state is decoupled from the atomic ensemble 
by measuring the state of the last two emitted photons. 
Larger two-dimensional cluster states can be obtained 



V. CONCLUSION 

In conclusion, we have proposed a multi-purpose, 
multi-mode photonic source and constructed explicit 
schemes to prepare GHZ states, double trine states, and 
cluster states. We have only considered states with at 
most one photon per mode, but we anticipate that the 
same mechanism allows emission of more photons into 
the same mode The collective encoding general- 

izes naturally to this case by allowing atomic state pop- 
ulations exceeding one. Experiments on Rydberg me- 
diated one- and two-bit operations are still in their in- 
fancy, but according to theoretical estimates, their fideli- 
ties may be high enough that entangled photonic states 
with tens of modes may be prepared. A Rydberg state 
mediated quantum gate may typically be accomplished 
in about 10~^ s, and recent experimental results with 
pulsed laser fields even demonstrate Rabioscillations to 
Rydberg states taking place on a time scale of about I ns 
[25| . The time required to emit a single photon can be as 
short as 10~^ s fl^. These time scales are much faster 
than Rydberg state lifetimes on the order of milliseconds. 
The shape of the laser pulses used to excite the atoms 
leaves some freedom to tailor the shape and duration of 
the emitted pulses, and the emission direction is control- 
lable and may vary from mode to mode. The number 
of photons that can be emitted by a single ensemble is 
limited in practice, because the interactions with the en- 
semble are not perfectly symmetric. The collective state 
of the ensemble may, however, be brought back to the 
symmetric state by optical pumping of all atoms into the 
reservoir state or by a transfer of the atomic internal state 
populations via the Rydberg gate mechanism to a new 
ensemble from which the photon emission can proceed. 



Acknowledgments 

This work was supported by ARO-IARPA. 



[1] E. Knill, R. Lafiamme, and G. Milburn, Nature (London) [3] R. Raussendorf and H. J. Briegel, Phys. Rev. Lett. 86, 

409, 46 (2001). 5188 (2001). 

[2] T. C. Ralph, A. Gilchrist, G. J. Milburn, W. J. Munro, [4] K. Wakui, H. Takahashi, A. Furusawa, and M. Sasaki, 

and S. Glancy, Phys. Rev. A 68, 042319 (2003). Opt. Express 15, 3568 (2007). 



5 



[5] J. S. Neergaard-Nielsen, B. M. Nielsen, H. Takahashi, 
A. I. Vistnes, and E. S. Polzik, Opt. Express 15, 7940 
(2007). 

[6] A. Ourjoumtsev, H. Jeong, R. Tualle-Brouri, and P. 

Grangier, Nature (London) 448, 784 (2007). 
[7] L.-M. Duan, M. D. Lukin, J. I. Cirac, and P. ZoUer, Na- 
ture (London) 414, 413 (2001). 
[8] A. Kuzmich, W. P. Bowen, A. D. Boozer, A. Boca, C. W. 
Chou, L.-M. Duan, and H. J. Kimble, Nature (London) 
423, 731 (2003). 
[9] S. Chen, Y.-A. Chen, T. Strassel, Z.-S. Yuan, B. Zhao, 
J. Schmiedmayer, and J.-W. Pan, Phys. Rev. Lett. 97, 

173004 (2006). 

[10] D. Porras and J. L Cirac. larXrv:0704.064ll 

[11] E. Brion, K. M0lmer, and M. Saffman, Phys. Rev. Lett. 

99, 260501 (2007). 
[12] D. Jaksch, J. L Cirac, P. ZoUer, S. L. Rolston, R. Cote, 

and M. D. Lukin, Phys. Rev. Lett. 85, 2208 (2000). 
[13] M. D. Lukin, M. Fleischhauer, R. Cote, L. M. Duan, D. 
Jaksch, J. L Cirac, and P. Zoller, Phys. Rev. Lett. 87, 
037901 (2001). 

[14] A. Gaetan, Y. Miroshnychenko, T. Wilk, A. Chotia, M. 

Viteau, D. Comparat, P. Pillet, A. Browaeys, and P. 

Grangier, Nature Physics 5, 115 (2009). 
[15] E. Urban, T. A. Johnson, T. Henage, L. Isenhower, D. 



D. Yavuz, T. G. Walker, M. Saffman, Nature Physics 5, 
110 (2009). 

[16] R. Heidemann, U. Raitzsch, V. Bendkowsky, B. Butscher, 
R. Low, L. Santos, and T. Pfau, Phys. Rev. Lett. 99, 
163601 (2007). 

[17] M. Saffman and T. G. Walker, Phys. Rev. A 66, 065403 
(2002). 

[18] L. H. Pedersen and K. M0lmer, Phys. Rev. A 79, 012320 
(2009). 

[19] D. Porras and J. I. Cirac, Phys. Rev. A 78, 053816 

(2008). 

[20] G. Tabia and B.-G. Englert, [arXiv:0910.5375| 
[21] N. H. Lindner and T. Rudolph, Phys. Rev. Lett. 103, 
113602 (2009). 

[22] After submission of the present paper, a related quantum 
dot proposal to produce photonic 2D cluster states has 
been described in S. E. Economou, N. Lindner, and T. 
Rudolph, arXiv: 1003.2410 

[23] M. A. Nielsen, Reports on Mathematical Physics 57, 147 
(2006). 

[24] M. Saffman and K. M0lmer, Phys. Rev. A 78, 012336 
(2008). 

[25] T. Pfau, private communication. 



